In the present study, numerical analysis carried out around the cyclic flat-plate cascade with a asymmetric slit, so as to examine the suppressing or controlling effect of the slit for cavitation instabilities such as a cavitation oscillation which is similar to cavitation surge, and rotating cavitation. These instabilities cause various problem for the turbomachinery, for example, rotating cavitation causes an asynchronous axial vibration, and cavitation oscillation causes a pulsation of working fluid by resonance phenomenon of the system. Especially, in liquid propellant rocket engine, suppression process for these instabilities bring increase in cost of the launch. Therefore, it is thought that to find effective suppression technique is significant for turbomachinery.
INTRODUCTION
Cavitation is a phenomenon which liquid evaporates and vapor bubbles occur in the low pressure region such as a pressure of liquid is roughly less than vapor pressure. Usually, this phenomenon is observed in the high-speed fluid machinery, for example, pumps and hydraulic machinery. Also, the cavitation exerts a bad influence such as vibration, noise, and performance decrement on these hydraulic machineries. Moreover, the cavitation brings about the oscillations which are called cavitation instabilities in the turbomachinery on the occasion. The cavitation instabilities are generally classified into two type, which is cavitation oscillation and rotating cavitation. The cavitation oscillation [1] leads to flow rate and pressure fluctuation, also, it causes an oscillation for entire of pump systems by a resonance phenomenon. The rotating cavitation [2] causes asynchronous axial vibration in turbomachinery. As the example that the accident caused by this phenomenon, launch failure in the Japanese liquid propellant rocket happened due to the rotating cavitation in 1999. Therefore, it is important to find the suppression and control method of these instabilities for designing of the highly performance and reliable turbomachinery. For the above reasons, the methods which aim to suppress the cavitation instabilities have been developed and adopted in the liquid rocket engine such as the using pogo-suppresser [3] and extension of the casing diameter at inducer inlet [4] . However, these methods are not perfect owing to the complex characteristics of cavitation.
In these days, we can obtain commercial software and open source codes easily, and numerical simulation by the software is able to utilize in designing of the fluid machineries. But numerical simulation has not been utilized in designing of fluid machineries with cavitation and theoretical analysis and experiment are still predominant. It is because the accuracy of the CFD for cavitation is not enough. In benchmark simulation by 6 research groups and 4 software venders by Turbomachinery society of Japan，it was reported that even time averaged lift and drag can't be predicted by the all commercial software and the in-house codes [5] . In such a situation, our group developed numerical method which is suitable for unsteady cavitation by using homogeneous model and compressible scheme, and has several experiences of the numerical simulation for cavitation instabilities, which is although arising in 2 dimensional cascade. Hence, it is considered that the numerical simulation for development of suppression technique of cavitation instabilities is possible as application of our numerical method.
In this paper, the suppression effect for cavitation instabilities by using slit on blade is investigated. A Numerical Analysis of Suppression Effect of Asymmetric Slit on Cavitation Instabilities -2 numerical simulation of unsteady cavitation in the cascade with an asymmetric slit is performed, and results are compared with cascade without slit. The occurrence region of cavitation instabilities, cavity volume, mass flow rate, and head performance of the asymmetric slit are discussed and compared with results of cascade without slit. These results indicate the suppression and control effect of an asymmetric slit for cavitation instabilities in cascade without decline of performance.
NUMERICAL METHOD 2.1 Cavitation model
In this study, a locally homogeneous model of a compressible gas-liquid two-phase medium [6] was used for numerical simulation of cavitation. This model allows to consider of a gas liquid two-phase field as a pseudo-single phase medium. Therefore, the NavierStokes equations for continuum can be applied to a cavitating flow field in which there is discontinuity between the gas and liquid phases. As a governing equation, the compressible gas-liquid Navier-Stokes equations are used for the gas-liquid medium.
where ρ, p, and u are the density, static pressure, and velocity of the mixture phase respectably. The mass fraction of the gas phase is denoted Y. u and μ , which is necessary for estimating the stress tensor τ in Eq. (1), is determined from the following equation:
where is the volume fraction of the gas phase which means the void fraction, and subscript g and l mean the gas and liquid phase.
The government equations in Eq. (1) are closed by an equation of the state for the locally homogeneous compressible gas-liquid two-phase medium [6] . In this equation, the local equilibrium between gas and liquid phase at a pressure and temperature, and a linear combination of the masses of the gas and liquid phases are assumed. Additionally, the liquid is assumed to be compressible, and the gas is assumed to obey the idealgas low:
where and are the liquid constant and gas constant. and are the pressure and temperature constant of the liquid, respectively, and are assumed to be constant.
The speed of sound in the two-phase medium is determined from Eq. (4) is found to be in good agreement with that obtained in an experiment on variations in the void fraction [6] . Thus, this numerical method is able to reproduce pressure wave propagation in a gas-liquid flow field. This is important for numerical simulation of the mutual interface between cavitation and fluid machinery systems.
Γ in the source term of S denotes instantaneous equilibrium evaporation model [6] . In the evaporation model, an empirical constant is not included. Therefore, it is robust to rapid pressure jumps during pressure wave propagation. For the reason above, this model can be applied to flow field such as the cavitation oscillation and other phenomenon.
In this locally homogeneous model, the cavity surface which is expressed as the void gradient, can be treated as the contact discontinuity problem in a compressible fluid. Therefore, the thickness of the cavity surface depends on the resolution of the computational grids. However, it can reproduce various types of unsteady cavitation.
Numerical scheme
In this study, the discretization of the governing equations Eq. (1) is based on finite difference method. It is necessary to simulate stably the cavity flows, which has a large density jump between gas and liquid phase. Accordingly, the total variation diminishing (TVD) scheme is applied to preserve the monotonicity of the solution. Specifically, the explicit TVD-Mac Cormack scheme [7] with second-order accuracy in time and space is used. In this way, no turbulence model is applied because reliable turbulence model has not been found for simulate for unsteady cavitating flow.
Validation
In order to develop a suppression technique for cavitation instabilities by using numerical simulation, numerical method which can reproduce the cavitation instabilities is needed. Our numerical method by homogeneous model and compressible scheme has been validated for time averaged and unsteady characteristics in several cavitating flow field. The present numerical method was validated [8] through comparisons with experimental data about timeaveraged lift and drag in non-cavitation and cavitation conditions around a Clark Y 11.7% single hydrofoil and the time-averaged pressure distribution on a Clark Y Numerical Analysis of Suppression Effect of Asymmetric Slit on Cavitation Instabilities -3 11.7% cascade hydrofoil in non-cavitation conditions in several cascade arrangements. Additionally, the availability of an existing RANS turbulent model of single-phase flow for the CFD of a cavitating flow was discussed [9] . Although, as shown in Figure 1 . which is for time averaged pressure distribution on a hydrofoil, the RANS simulation is effective in non-cavitation condition but ineffective in cavitation condition. Additionally, in break-off frequency of sheet cavitation on a hydrofoil, the frequency of developed sheet cavitation can be predicted by simulation without RANS model as shown in Figure 2 ., which is closer to experimental frequency than that with RANS model.
(a) Non-cavitation condition (σ = 3.0) [9] (b) Cavitation condition (σ =1.4) [9] (c) Cavitation condition (σ =1.0) Consequently, we decided not to use a turbulence model in the present study in order to reduce computational costs. However, the macroscopic disturbance in the flow field, which is caused by cavity volume variation, can be reproduced in the present numerical simulation. Additionally, the authors have researched the cavitation instabilities arising in three-blade cyclic cascades by the present numerical method in the past. Seven kinds of cavitation instabilities, caused by several different mechanisms, have been reproduced without adding any additional models or boundary conditions [9] , the occurrence map of cavitation instabilities is shown in Figure 3 . The propagation velocity ratio of rotating cavitations and frequency of cavitation oscillation can be reproduced as shown in Figure 4 . and 5. which corresponds well-known unsteady characteristics of cavitation instabilities in inducer of liquid propellant rocket engine. Furthermore, two-kinds of break-off mechanism of cavitation in cascade was reproduced by the present numerical method, one is reentrant jet which is in the case of low cascade interference and the other is cavity surface instability acconpanied by pressure wave propagation inside the cavity which is in a case of high cascade interference [8] .
Therefore, the present numerical method is available for numerical simulation of unsteady cavitation and cavitation instabilites, hence, it is considered to be able to utilize for development of supression techeneque of caviation insatabilities with some extent of reliability. 
. Computation conditions
The flow field simulated in present study is the flat plate three blade cascade, which has a slit on the each blade randomly, it is named asymmetric slit. The solidity C/h, stagger angle , chord length C, and blade thickness are 2.0, 75°, 0.1 m, and 0, respectably. In this study, three types cascade are analyzed. The detail of the three types of cascade are shown in Figure 1 . The three blades in each cascade are denoted by blade1, blade2, blade3; the direction of numbering is opposite to that of the rotation of the cascade, as shown as in Figure 6 . The first one is single-stage cascade which is denoted by Cascade 1. The cascades which is denoted 
In the Cascade 2, the asymmetric slit is arranged in each blade. The position of the asymmetric slit in blade 1, 2 and 3 are 0.5C, 0.6C, and 0.7C, in the case of Cascade 3, the position of the asymmetric slit are 0.3C, 0.5C, and 0.55C from leading edge respectably. The width of slit is constantly 0.05C each cascades. In present cascade arrangement, the cascade throat is located at the point of 0.48C. Consequently, the slit of blade1 is located slightly downstream of the throat in Cascade 2. On the other hand, the slit of blade 1 is located upstream of the throat in Cascade 3.
As a boundary condition, constant total pressure, flow angle, and void fraction are applied at inlet. At the outlet boundary, constant static pressure is applied. Under this condition, the static pressure at the inlet is extrapolated and the inlet velocity is calculated by the inlet total pressure. Besides, the density and velocity at the outlet is extrapolated. Although the flow angle is constant in the boundary condition, the flow rate can change according to the change of prewhirl flow. Also, a nonslip condition is imposed at the wall boundary of the blade. In addition, the cyclic boundary condition is imposed on the third flow channel in the cascade in order to reproduce the circumferential instabilities in the cascade, such as rotating cavitation.
The inlet flow angle is αin fixed at a value of 9.5° and the time averaged inflow velocity Uin is approximately 13.5 m/s. The calculation is carried out with changing cavitation number σ, which is a dimensionless quantity that indicate the ease of cavitation. σ can be changed by changing the outlet static pressure. A mesh per blade-to-blade channel is 361 71 points. The distance between the inlet boundary and leading edge is two chord lengths, and the distance between the trailing edge and outlet boundary is three chord lengths. The cavitation number σ and static pressure coefficient ψ are estimated using the following equations: 
Suppression of cavitation instabilities by asymmetric slit
The head performance of present cascades are drown in Figure 7 . At high σ value region, the head performance of the Cascade 2 and 3 is better than that observed in the Cascade 1. Around head drop region, the head performance of Cascade 2 and 3 are almost same or slightly better than that of Cascade 1 although the head drop point is almost same. As the reason why the head increases in the cascade with slit is as following: The local angle of attack of rear blade takes the positive value by the pressure gradient between the suction side and pressure side at the slit. Therefore, the flow decelerates and the pressure rises twice at front and rear blades in the cascade, then head performance is improved in Cascade 2 and 3. Figure 7 is also colored according to predicted cavitation instabilities. The occurrence of cavitation instabilities is judged by the visualization of aspects of the cavity and waveforms of variations in cavity volume, upstream pressure and upstream flow rate. In Figure 8 and 9, typical aspect of cavitation oscillation (C.O) and super synchronous rotating cavitation (Super-S R.C) are shown respectively [11] In C.O, three sheet cavities develop and shed, and three cloud cavities collapse in [11] Numerical Analysis of Suppression Effect of Asymmetric Slit on Cavitation Instabilities -7 Sub-S R.C and R-Stall C is not detected in all σ region. In Cascade 2, the Super-S R.C, which is not detected in Cascade 1, is observed. These results indicate that the cavitation instabilities are suppressed or the type is controlled at certain σ region by arranging the asymmetric slit on the blade, and changing the slit position. Figure 10 . shows the flow field around the slit by void fraction and velocity vector distribution (upper) and pressure distribution (lower) of the Cascade 2 (Blade 2). As shown in Figure 10 , the sheet cavity length is limited by a jet flow which flows from pressure side to suction side through the slit. This slit jet is caused by pressure gradient between the slit, which is increased by collapse of the cloud cavity in the channel of pressure side and also increased by the cavity growth in the channel of the suction side. When a re-entrant jet flows into the sheet cavity from upper side of the slit jet, a vortex cavity is generated in the vicinity of trailing edge of the front blade. Also, the slit jet induces increasing of the local angle of attack of the rear blade, which promotes the growth of a small sheet cavity at leading edge of the rear blade. Then the cavity on the blade with a slit will be composed by three vortex structures as shown in upper side of Figure 3 . After that, these three cavities separate from the blade, shed to downstream and collapse with interfering with each other. Table. 1 shows the time average of the cavity volume in each blade and total cavity volume in cascade 2 and cascade 3 with an asymmetric slit at almost same σ condition about σ = 0.10. The cavitation instabilities are suppressed in the both cases. From Table 1 , the total cavity volume values of Cascade 3 are less than the case of Cascade 2 in all blades. Also, the cavity volume of each blade is getting larger with increasing front blade length in each cascade. As mentioned in previous section, the slit has an effect to limit the cavity length by jet flow.
Flow field around the asymmetric slit

Time averaged characteristics
Therefore, in case of front blade length is shorter, the sheet cavity becomes shorter. Table. 2 shows the time average of mass flow rate of each slit in cascade 2 and cascade 3 in same case in Table 1 . In the Cascade 2, the time averaged mass flow rate increase incrementally with front blade length getting longer. However, the mass flow rate of Blade 1 in Cascade 3, is larger than the Blade 2, 3 of Cascade 3 and Blade 1 of Cascade 2. In case of front blade length is long such as Blade 2 and 3 in the Cascade 2, the effect of pressure gradient increasing is large due to the high pressure rising which is caused by cavity collapse at downstream. Also, the slit which arranged on the Blade 1 of the Cascade 3, is covered with sheet cavity long time than other slit. Then the pressure gradient is comparatively large. Because of the above reason, time averaged flow rate in each slit also varies by the random arrangement of the slit. When the intensity of the slit jet is different, each volume of the three cavities which was shown in Figure 3 . Is considered to change. Then, the cavity volume is decided not only by the slit position but also by the flow rate of slit jet as shown in Table 1 in which cavity volume in Blade 1 in Cascade 2 is different from that in Blade 2 in Cascade 3 in spite of the slit positions are same in the blades. Figure 11 . shows the waveform of total cavity volume (upper) and that of upstream pressure(lower) in Cascade 1 and Cascade 3 at the same cavitation number (σ = 0.2). In the Cascade 1, the total cavity volume oscillates with regular cycle and the pressure oscillates as pulsation which is the characteristic of C.O [12] . In Cascade 3, the regular cycle is not observed in total cavity volume and upstream pressure. It means C.O is suppressed and the break-off cycle of sheet cavity in each blade is not in the same phase in Cascade 3. By the way, it is known that Strouhal number of cavity break-off cycle based on cavity length is known to remain constant [13] , it means break-off cycle depends on the cavity length. Then it can be considered that the cavity break-off cycle in each blade is different each other in a cascade with asymmetric slit because the cavity volume is different as shown in Table 1 . Therefore, C.O, in which cavity oscillation with constant cycle repeats in same phase in all blade, is completely suppressed in Cascade 2 and 3.
Unsteady characteristics
The waveform of cavity volume in the each blade is shown in upper figure in Figure 11 . in cascade 3 in σ = 0.2. The wave form indicates that the non-periodic waveform of total cavity volume in Cascade 3 shown in Figure 11 of the relative situation between pressure side and suction side at the slit is different in each cycle, which can be inferred from cavity volume in upper figure in Figure 12 . Therefore, strong non-periodicity of cavity oscillation can be realized and C.O is completely suppressed by arranging asymmetric slit on cascade. Besides, as shown in Figure 7 , cavitation instabilities are completely suppressed in Cascade 3, on the other hand, rotating cavitations are observed in Cascade 2 although C.O is completely suppressed. Judging from the result, the non-periodicity of cavity oscillation in Cascade 3 is considered to be stronger than that in Cascade 2, which relate to the slit position.
Conclusion
In the present study, the numerical simulation of the cavitating flow around the cascade with an asymmetric slit is carried out, and examine the suppression and control effect of the slit for cavitation instabilities in the cascade, from the view point of head performance, occurrence region of cavitation instabilities, mass flow rate of slit and cavity volume. The result are summarized as follows.
-The all cavitation instabilities can be completely suppressed in a cascade in which one slit locates upstream of the cascade throat. On the other hand, in the case of a cascade in which all slits locate inside the cascade throat, cavitation Table 1 . Time average of cavity volume in each blade and total volume in cascade 2 at σ = 0.10 and in cascade 3 at σ = 0.11 Table 2 . Time average of mass flow rate of each slit in cascade 2 at σ = 0.10 and in cascade 3 at σ = 0.11 oscillation is perfectly suppressed, but some rotating cavitation is observed.
-By arranging the slit as random in each blade, the cavity volume and the slit jet fluctuates nonperiodically in each cycle in each blade. It is because that pressure gradient at the slit is different in each cycle in each blade because of the relative situation between pressure side and suction side at the slit is different in each cycle in the asymmetric slit cascade -The head performance of the cascade is not declined and slightly improved in some case by arranging the asymmetric slit in each blade.
